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Background & Aims: Acetaminophen (APAP) induced hepatotoxicity is a leading cause of acute liver failure worldwide. It is well established that the liver damage induced by acetaminophen exhibits diurnal variation. However, the detailed mechanism for the hepatotoxic variation is not clear. Here we aimed to determine the relative contributions of gut microbiota in modulating the diurnal variation of hepatotoxicity induced by APAP.
Methods: Male Balb/C mice were treated with or without antibiotics and orally administrated a single dose of APAP (300 mg/kg) at ZT0 (when the light is on-start of resting period) and ZT12 (when the light is off-start of active period).
Results: In agreement with previous findings, hepatic injury was markedly enhanced at ZT12 compared with ZT0. Interestingly, upon antibiotics treatment, ZT12 displayed protection against APAP hepatotoxicity similar to ZT0. Moreover, mice that received the cecal content from ZT12 showed more severe liver damage than mice that received the cecal content from ZT0. 16S sequencing data revealed significant differences in the cecal content between ZT0 and ZT12 in the compositional level.
Furthermore, metabolomic analysis showed that the gut microbial metabolites were also different between ZT0 and ZT12. Specifically, the level of 1-phenyl-1,2-propanedione (PPD) was significantly higher at ZT12 than ZT0.
Treatment with PPD alone did not cause obvious liver damage. However, PPD synergistically enhanced APAP induced hepatic injury in vivo and in vitro. Finally, we found Saccharomyces cerevisiae, which could reduce intestinal PPD levels, was able to markedly alleviate APAP induced liver damage at ZT12.
Introduction
Acetaminophen (APAP) is a widely used analgesic and antipyretic drug [1, 2] .
However, severe hepatotoxicity occurs upon taken excessive doses is the leading cause for acute liver failure (ALF) in the Western world [3, 4] . APAP is absorbed from the intestine and processed by liver [5] . When taken at a low dose, APAP is mainly eliminated by sulfation and glucuronidation, and the toxicity pathway makes only a small contribution and mainly detoxified by glutathione (GSH) [6] [7] [8] . With elevation of APAP concentration in hepatocytes, a greater portion of APAP can be metabolized into N-acetyl-p-benzoquinone imine (NAPQI) by cytochrome P450s, mainly by CYP2E1 [9, 10] . NAPQI is detoxified by conjugation with hepatic GSH. However, if GSH is exhausted, the generated reactive metabolite accumulates and exerts toxic effects initiated by covalent binding to macromolecules and causing mitochondrial dysfunction, ultimately leading to hepatocyte necrosis and acute liver failure [11] [12] [13] .
Based on numerous clinical and preclinical studies, it is well established that APAP induced acute liver injury exhibits diurnal variation [14, 15] . Generally, APAP dosing at night leads to more severe liver damage than in the morning. Although several pieces of evidence pointed out that the variations of hepatic metabolic genes expression and hepatic GSH level were involved in the fluctuation [14, 15] , the detailed mechanism responsible for the diurnal variation is not fully understood.
Exploring the potential and novel driver for the hepatotoxic rhythmicity is important for understanding APAP induced ALF. Accumulating evidence points to gut microbiota being involved in this process. Indeed, intestinal microbiota undergoes diurnal oscillations both at the compositional and functional level [16] . Gut microbiota has been demonstrated to regulate many extraintestinal organ diseases, including liver injury. For instance, intestinal bacteria translocate into liver and promote hepatic inflammation during CCl 4 -induced fibrosis [17] . Moreover, gut microbial-generated saturated fatty acid exerts protective effects against alcohol induced liver damage [18] . However, the detailed contributions of gut microbiota to drug induced liver damage and failure remain elusive. In the present study, we explored the direct connection between gut microbiota and APAP induced diurnal variation of hepatotoxicity, and the underlying mechanism by identifying the potential gut microbiota derived molecule that acts on the liver to influence the susceptibility to APAP induced liver injury.
Materials and methods

Animals
Seven-to eight-week-old male specific pathogen free Balb/C mice were used (unless otherwise stated). Mice were gavaged with 300mg/kg APAP dissolved in warm phosphate buffered saline (PBS) at ZT0 (8:00 AM) or ZT12 (8:00 PM). For antibiotics treatment, mice received vancomycin (100 mg/kg), neomycin sulfate (200 mg/kg), metronidazole (200 mg/kg) and ampicillin (200 mg/kg) intragastrically once daily for 3 days. Mice were not fasted before APAP treatment and were sacrificed at 24 hours after APAP treatment. All mice had free access to food and water and were maintained in a temperature-controlled colony room on a 12:12-h light/dark cycle (8:00 AM, light on; 8:00 PM, light off). All experimental procedures were in compliance with the National Institutes of Health guidelines and were approved by the local Animal Care and Use Committee of the Southern Medical University.
Metabolomic analysis
The non-targeted metabolomics was described previously [19, 20] . Briefly, UPLC-Q-TOF/MS (ACQUITY UPLC I-Class, Waters) and ESI-QTOF/MS (Xevo G2-S Q-TOF, Waters) were used. The chromatographic column is the ACQUITY UPLC HSS T3 Column (100Å, 1.8 µm, 2.1 mm X 50 mm, 1/pkg [186003538]). Mobile phase A contained 0.1% formic acid water, and mobile phase B contained 0.1% formic acid acetonitrile. The gradient elution was conducted as follows: 0-1 min, 99% A and 1% B; 1-2 min, 80% A and 20% B; 2-3 min, 50% A and 50% B; 3-7 min, 20% A and 80% B; 7-9 min, 1% A and 99% B; 9-10 min, 99% A and 1% B. The injection volume was 2 μl, and the flow rate was 0.4 mL/min. The capillary and cone voltages were set to 3 kV and 30 V, respectively. The acquisition rate was set to 0.2 s with a 0.01 -s inter-scan delay. The nebulization gas was set to 800 L/h at a temperature of 500°C, the cone gas was set to 60 L/h, and the source temperature was set to 120°C. The UPLC-Q-TOF/MS data were processed and analyzed using MarkerLynx (Waters) in the Masslynx software (version 4.1) for peak detection and alignment. Multivariate statistical analysis was performed using the EZinfo software.
For targeted metabolomic analysis (PPD measurement), samples were extracted ultrasonically in methanol for 10 min, followed by filtration and the analysis was performed by gas chromatography-mass spectrometry (GC/MS, Finnigan) with TG WAX column (30m x 0.25mm x 0.25μm). The column temperature was conducted as follows: 100℃ (2min)-20℃/min-200℃ (2min), and the flow rate was 1 mL/min.
The split ratio was 40:1. The analysis was performed using a system equipped with an EI source. The Single-ion scanning mode was used to improve sensibility and the fragment of m/z = 105 was collected for quantification.
Fecal microbiota transplantation (FMT)
Fecal microbiota transplantation was performed according to the modified method described previously [21, 22] . In short, 6-8-week-old male Balb/C mice received antibiotics (described above) intragastrically once daily for 5 days to deplete the gut microbiota. The cecal content of the donor mice (ZT0 group, ZT12 group) was collected and resuspended in PBS at 0.125g/ml. An amount of 0.15 ml was administered to mice by gavage at ZT0. After 3 days, mice were gavaged with 300mg/kg APAP and were sacrificed at 24 hours after APAP treatment.
For further details regarding the materials used, please refer to the CTAT table and supplementary information.
Results
Dependence of the diurnal variation of APAP induced acute liver injury on gut microbiota Mice were treated with non-absorbable antibiotics (ABX) continuously for 3 days to explore the contribution of intestinal microbiota to APAP induced diurnal variation of hepatotoxicity. After ABX administration, mice were treated with a single oral dose of APAP at ZT0 and ZT12, respectively. In agreement with previous findings, APAP did not reveal obvious hepatotoxic effects when administrated at ZT0; however, the same dose of APAP resulted in significant liver damage at ZT12 as evidenced by plasma aminotransferases elevation and necrotic area after 24h APAP administration (Fig.1A-C) . ABX treatment almost completely abolished the ALT/AST elevation and the livers from ABX treated mice displayed much less necrosis compared with control animals. Furthermore, the hepatic expression of inflammatory factors was similarly decreased with by ABX consistent with less liver injury (Fig.1D, Supplementary Fig.1 ).
To further clarify the contribution of gut microbiota to APAP induced liver injury, we performed fecal microbiota transplantation (FMT). The cecal content from ZT0
and ZT12 was collected and orally administrated to the recipients whose gut microbiota had been depleted with ABX. Microbiome 16s analysis showed that the clusters between ZT0 donor and ZT0 recipient, ZT12 donor and ZT12 recipient were overlapped, suggesting similar fecal microbiota between donor and recipient.
( Supplementary Fig.2 ). More importantly, as revealed in Fig.1E , livers from mice that received ZT12 cecal content displayed significantly increased necrotic area compared with mice that received ZT0 content upon APAP administration at ZT0. Similarly, the hepatic cytokines/chemokines expression was also markedly enhanced in ZT12 transplanted mice (Fig.1F ). The antibiotic pretreatment did not protect the mice against APAP after ZT12 microbiota transfer, which rules out a direct inhibitory effect of antibiotics in the liver. These data, together with ABX experiment, clearly demonstrated the APAP hepatotoxic diurnal variation is dependent on gut microbiota.
In particular, intestinal microbiota from ZT12 could serve as a determinant to promote APAP induced acute liver injury. Although the necrotic area in the ZT12 to ZT0 fecal transplant was less than ZT12, this may reflect incomplete reconstitution of the microflora or other factors which might contribute to resistance of ZT0 to injury.
Intestinal microbiota exhibit diurnal variation
To explore the underlying mechanism by which gut microbiota modulate APAP induced hepatotoxicity, we next examined the diurnal variation of the compositional intestinal microbiota by analyzing 16s rRNA. Total bacterial load in the cecum exhibited non-significant trend toward higher levels in ZT12 compared with ZT0
( Supplementary Fig.3A ). Moreover, Firmicutes/Bacteroidetes ratio, which reflects the overall microbial composition in the gut, was significantly decreased in ZT12 versus ZT0 ( Fig.2A) . Specifically, at the phyla level, increased abundance of Bacteroidetes and decreased abundance of Actinobacteria were observed in the cecal content of ZT12 versus ZT0 ( Fig.2 ). These results indicated that the composition of the gut microbiota displayed diurnal variation.
We next evaluated the gut microbial functional level between ZT0 and ZT12 by detecting the bacterial metabolites using untargeted metabolomic analysis. As shown in Fig.2D , the metabolic profile was completely shifted in ZT12 compared with ZT0 as evidenced by PCA analysis which was widely used in metabolomics analysis.
Furthermore, several metabolites were enriched either in ZT0 or ZT12 (Fig.2E ). Short chain fatty acids (SCFAs) and some long chain fatty acids like C15:0 and C17:0 were important bacteria-derived metabolites [18] . Although we did not find significant difference in the levels of C15:0 and C17:0, some SCFAs were different between ZT0
and ZT12. Specifically, C3:0 (Propionate) was higher while Iso-C5:0 (Isovalerate)
showed increase trend in ZT12 compared with ZT0. (Supplementary Fig.4 ). One compound, 1-phenyl-1,2-propanedione (PPD) which stood out as exhibiting potential reaction with hepatocytes based on its structure. Cecal PPD levels were around 2-fold higher in ZT12 than ZT0 based on metabolomics analysis (Fig.2F ). In addition, other than in the cecum, PPD concentration was also significantly elevated in liver of ZT12 than ZT0 (Fig.2F ). These data suggested gut microbial metabolite was also shifted with the diurnal variation in the microbiota.
To further confirm the PPD was generated from intestinal microbiota, we treated mice with ABX and found the PPD was dramatically decreased compared with controls at ZT12 (Fig.3A) . Furthermore, we isolated several intestinal bacteria from human stool and cultured them in vitro, and then analyzed the PPD level in the medium. As presented in Fig.3B and Supplementary Fig.5 , some strains like E. coli, Citrobacter freundii, Clostridium difficile and Enterococcus faecalis generated PPD.
However, interestingly, the Lactobacillus casei and Bacteroides thetaiotaomicron, which had been reported to exhibit beneficial effects on host [23, 24] , did not produce PPD. These data further demonstrated intestinal microbiota could generate PPD. Therefore, one may conclude that PPD level in the colon and liver is a potential biomarker of bacteria which increase the risk of APAP toxicity.
PPD synergistically enhanced APAP induced liver damage in vivo and in vitro
To further link the APAP induced diurnal variation of hepatotoxicity to gut microbial metabolite variation, we next focused on the pathophysiological effect of PPD, namely does PPD actually contribute to the liver injury. APAP and PPD alone did not cause obvious liver injury in ZT0. However, mice that were co-treated with PPD and APAP exhibited increased liver damage as evidenced by plasma ALT level (Fig.4A) and hepatic necrosis (Fig.4B ). The level of hepatic PPD after addition of exogenous PPD ( Fig. 4C ) was comparable to the ZT12 level (Fig.2F ). Hepatic cytokine expression confirmed the phenotype (Fig.4D) . We next determined the effects of PPD in vitro by isolating primary mouse hepatocytes. Similar to animal experiments, PPD and APAP alone lead to minimal cell toxicity while co-treatment with PPD and APAP caused increased cell damage as monitored by PI staining (Fig.4E ). These data clearly demonstrated that PPD could synergistically enhance APAP induced liver injury in vivo and in vitro. As noted above, we cannot exclude that other products of the microbiome at ZT0 contribute to resistance so that the extent of necrosis by the combination of APAP and PPD is dampened compared to ZT12 APAP, or other bacterial products at ZT12 contribute to worse toxicity.
PPD directly depletes hepatic GSH
To examine the mechanism by which microbiota and PPD influence APAP induced liver damage, we monitored several key pathways involved in the hepatotoxicity caused by APAP. First, APAP absorption as characterized by the peak plasma APAP concentration and the area under curve (AUC) after APAP administration was not significantly altered upon ABX treatment at ZT12
( Supplementary Fig.6 ) excluding the possibility of a microbiota mediated enterohepatic cycling of APAP due to deconjugation in the gut as recently described with tacrine which exhibits a biphasic plasma profile [25] . Additionally, we found CYP2E1 protein level was also not affected by ABX treatment, indicating gut microbiota may not influence APAP bioactivation (Supplementary Fig.7 ). Then we found that the PCNA level between control and ABX after 24hr APAP administration was comparable, suggesting gut microbiota was also not involved in hepatocyte regeneration ( Supplementary Fig.8 ). However, significantly reduced p-JNK level was observed in ABX treated mice compared with controls at ZT12 after 1h APAP administration (Fig.5A) . Furthermore, in the absence of APAP, decreased hepatic reduced GSH level was observed in ZT12 compared with ZT0, while ABX treatment partially but significantly recovered GSH level in ZT12 (Fig.5B) . However, no diurnal variation in glutamate cysteine ligase-catalytic subunit (GCL-c) expression (ZT0 versus ZT12) was observed ( Supplementary Fig.9 ), indicating that enzymatic GSH synthesis capacity may not explain the phenotype of hepatic GSH levels. Moreover, hepatic GSSG/GSH ratio was highest at ZT12 whereas ABX could significantly reduce GSSG/GSH ratio ( Supplementary Fig.10A ). Since higher hepatic GSH synthesis was closely associated with more food intake (substrate availability), we next monitored the food consumption with ABX treatment. There was no difference in food intake during day phase (ZT0-ZT12, Supplementary Fig.11A ) but the mice receiving ABX consumed less during night phase (ZT12-ZT0, Supplementary Fig.11B ). In addition, the ratio of food intake during day and night phase was comparable between control and ABX groups ( Supplementary Fig. 11C ). These results indicated the modulation of GSH by ABX at ZT12 was independent of food consumption. This does not exclude the likelihood that consumption of diet containing GSH precursor amino acids contribute to the diurnal variation but superimposed is an effect of the microbiome on GSH levels. These data suggested the augmented liver damage at ZT12 than ZT0 may result from lowered hepatic GSH level and gut microbiota may modulate GSH which influences the susceptibility to APAP induced hepatotoxicity. Although the starting GSH level was approximate 35% higher after ABX at ZT12, the GSH fell to comparable low levels 1 hour after APAP ( Supplementary Fig.12 ) at the sublethal dose of APAP. The extra GSH may have been enough to handle the bulk of NAPQI generated.
We then focused on the potential effect of PPD on GSH levels and related hepatic pathophysiologic changes. PPD synergistically enhanced hepatic p-JNK expression after 1h APAP treatment (Fig.5C) . Moreover, as presented in Fig.5D and Supplementary Fig.10B , PPD treatment modestly decreased reduced GSH and importantly enhanced GSSG/GSH ratio in vivo. Similar results were observed in primary cultured hepatocyte (Fig.5E, Supplementary Fig.10C ). In agreement with GSH findings, PPD + APAP treatment markedly enhanced APAP adducts proteins compared with APAP administration alone in liver, which is consistent with the augmented p-JNK activation and hepatotoxicity observed in PPD and APAP co-treated mice (Fig.5F ). Though these data indicate that PPD might directly deplete GSH in the liver, the extent of GSH depletion from PPD and reversal by ABX are relatively modest but may be sufficient to change the threshold and dose of APAP required to generate APAP adducts and activate p-JNK. It is alternatively possible that the redox change in GSSG/GSH ratio induced by PPD was a key in sensitization to enhanced toxicity. We further determined the effects of N-Acetyl-L-cysteine (NAC) and SP600125 on the cytotoxicity. NAC could restore GSH depletion induced by APAP administration while SP600125 could inhibit JNK activation. We found both NAC and SP600125 were able to markedly rescue the cell death induced by APAP and PPD co-treatment ( Supplementary Fig.13 ), indicating oxidative stress and JNK activation were involved in the enhanced toxicity of APAP and PPD co-treatment.
Saccharomyces cerevisiae (Yeast) could decrease intestinal PPD and protect liver from APAP induced hepatotoxicity
Since intestinal PPD level was important for APAP induced liver damage at ZT12, we determined whether reduced PPD level in the gut may be beneficial for the hepatotoxicity caused by APAP. Indeed, biotransformation of PPD by Saccharomyces cerevisiae was widely used in industry especially in beer production, specifically, yeast could reduce the PPD's carbonyls into hydroxyl [26] . We administrated Saccharomyces cerevisiae orally to mice and found the PPD levels in the cecal content were significantly decreased (Fig.6A) . Interestingly, yeast administration markedly attenuated APAP induced liver damage at ZT12 as evidenced by lowered plasma ALT, AST level and reduced necrotic area ( Fig.6B-D) . Although we cannot exclude other beneficial effects of Saccharomyces cerevisiae, these results clearly revealed that yeast could ameliorate APAP induced liver injury as accompanied by PPD reduction.
Discussion
Gut microbiota was recently found to exhibit circadian rhythm, at both the compositional and functional level. Such variation is believed to influence host pathophysiological status. For example, high fat diet leads to aberrant microbial oscillations which results in the disruption of host circadian system, finally promoting obesity development [27] . Although the mediators from microbiota to modulate host response are not fully understood, metabolites are believed to be the key factor. We previously reported that chronic alcohol feeding would diminish the capacity of gut microbiota to synthesize saturated long chain fatty acids. Consequently, gut barrier was markedly disrupted and bacteria/bacterial products translocated into liver [18] .
In addition, gut microbiota metabolize choline from diet to trimethylamine (TMA) which can be further oxidized in liver to trimethylamine-N-oxide (TMAO). TMAO may promote atherosclerosis development [28, 29] . Indeed, gut microbiota is able to generate a great number of metabolites for their survival and many of these compounds are likely to be metabolized by the liver. Hence it is possible for gut microbiota to modulate hepatotoxicity after drug administration.
The diurnal variation in susceptibility to APAP toxicity has been known for some time. While our studies were being conducted, another group published work on the diurnal variation to gut microbiome and our findings are in agreement [30] . Although they showed a diurnal susceptibility to APAP hepatotoxicity, the mechanism was not determined. We demonstrated that antibiotic treatment protected against APAP toxicity at ZT12 and cecal content transfer from ZT12 (time of susceptibility) converted resistance to susceptibility to APAP toxicity in ZT0 mice. Most investigations in the field have recognized that fasting increases susceptibility of APAP, presumably by decreasing the GSH pool size. Indeed, though not removed from food, mice have very low food consumption during day-light phase. However, our finding that the ABX treatment protected and ZT12 flora sensitized to APAP which could not be explained in food consumption, suggested that diet restricted food consumption was insufficient to explain our findings. Indeed, ABX treatment significantly increased ZT12 GSH levels despite lower food intake during night. Though not increased to the GSH levels at ZT0, the increase might be expected to require an increased acute dose of APAP to overcome the GSH protection. Therefore, although decreased diet intake in day-light phase is likely to contribute to lower GSH, a microbiota dependent effect is also contributing and making the liver more susceptible to the standard nonlethal but toxic dose of APAP that we used. Probably because this dose is right at the threshold for toxicity. Of note, although diurnal oscillation of the core circadian genes is the same in rodents and human, their functional output (sleep/wake cycle) is opposite and thus more severe liver toxicity at ZT12 (during active phase) in mice is not similar to more severe liver toxicity when APAP is taken in the evening
We next pursued the mechanisms for the ZT0 versus ZT12 toxicity and ABX protection by systematically assessing the early upstream pathway in APAP toxicity.
We found no significant differences in absorption in a time course of blood APAP, no differences in CYP2E1 and GCL-c levels in ZT0 versus ZT12. However, we found that the different microbiome at ZT12 vs. ZT0 was producing an increase of some metabolites, including PPD. We focused on this compound because: (1) the level in the intestine exhibited diurnal variation similar to APAP toxic variation; (2) the host does not produce this small compound; (3) the dicarbonyl structure is highly possible to be processed by liver. PPD was found increased at ZT12, not only in the cecum but also in the liver, and the concentration of PPD at ZT12 was reduced by ABX treatment.
We then demonstrated that exogenous PPD alone lead to modest GSH depletion in the liver and cells which potentiated APAP toxicity. The likelihood the PPD could directly form an adduct with GSH to an extent sufficient to deplete GSH is implausible considering the excess of hepatic GSH relative to PPD. However, combined with the large GSH depletion by the borderline toxic dose of APAP, sufficient NAPQI was made to increase adducts and activate JNK. In addition, the quinone like structure of PPD acting as a redox cycling compound generating ROS and altering to the redox state (GSSG/GSH) may have contributed. Importantly, the moderately lower GSH levels induced by PPD brings the GSH pool closer to APAP induced depletion, favoring NAPQI availability, i.e. less detoxification due to lower GSH pool size rather than increased production of NAPQI. Once GSH is depleted and covalent binding has occurred, increased ROS are released from mitochondria which then activates ASK1 leading to JNK activation and a sustained p-JNK→mitochondria →ROS→ASK1→JNK activation loop [31] [32] [33] [34] [35] [36] . In the APAP model, this high level of ROS production in mitochondria ultimately leads to MPT mediated necrosis [37] .
Importantly, the administration of PPD along with APAP enhanced covalent binding and sustained JNK activation accounting for PPD potentiating APAP toxicity. Clearly PPD can explain the effect of the microbiome on APAP toxicity but more work is needed to explore other possible actions of PPD or other bacterial products (Fig. 6E ).
Female mice are usually resistant to APAP induced hepatotoxicity [8] . Therefore male mice were mostly used to report the diurnal variation of APAP induced acute liver injury [14, 15] . However, we found the female mice that received male ZT12 feces exhibited increased necrosis compared with female mice that received male ZT0 feces ( Supplementary Fig.14) , indicating that gut microbiota may also influence the diurnal variation of liver damage induced by APAP in female mice, though the microbiome alone makes a very modest contribution to the resistance of female mice to APAP.
Another important finding of this study is that oral administration of Saccharomyces cerevisiae could significantly attenuate APAP induced liver damage at ZT12. The reason we choose Saccharomyces cerevisiae was due to the fact that live yeast have been widely used in industries such as beer production to reduce the carbonyl on PPD to hydroxyl [26] . In our study, such biocatalysis alleviated the hepatic burden of metabolizing PPD and prevented the effect on GSH level. This finding suggests the translational significance of the current study, i.e.
Saccharomyces cerevisiae pretreatment may reduce the risk of APAP induced ALF, when applied to populations at enhanced risk like chronic alcoholism or starvation.
Of note, further work remains to be done to exclude additional mechanisms for the protection by Saccharomyces cerevisiae.
In conclusion, we provide a novel mechanism for the diurnal variation of APAP induced acute liver damage mediated by gut microbial functional oscillations.
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